Leucocyte telomere length (LTL) has been reported to be linked to ageing, cancer and cardiovascular disease (cVD). this study aimed to explore the association between LtL and cVD risk in a nationally representative sample of U.S. adults. Complex associations, including nonlinearity and interaction, were also examined. A total of 7,378 subjects from the National Health and Nutrition Examination Survey (NHANES) 1999-2002 were collected. Telomere length was detected from DNA samples and expressed as the mean t/S ratio (telomere repeats per single-copy gene). We performed multiple logistic regression models and interactive analysis to explore the associations between LtL and cVD risk by adjusting for potential confounders. We also performed a sensitivity analysis to investigate the robustness of our results. Among all participants, LTL was associated with the risk of CVD (OR = 0.79, 95% CI: 0.63~0.98, P = 0.033) in a linear manner rather than in a nonlinear manner (P = 0.874). Interaction effects of LTL with both education (P = 0.017) and hypertension (P = 0.007) were observed. Furthermore, using subgroup analyses, protective effects of LTL on CVD risk were found in females and in individuals who were college graduates or above, had serum cotinine >10 ng/ml, did not have hypertension, or had normal white blood cell levels. LTL is linearly inversely associated with CVD risk in the general population of the United States.
Result
The mean and SE of LTL were presented for the total population and grouped by covariates ( Table 1 ). The subjects were under 65 years old, had a BMI lower than 25 kg/m 2 , engaged in vigorous physical activity, had blood cholesterol levels under 240 mg/dL, did not have diabetes or hypertension, and had long LTLs. However, LTL did not vary by sex, serum cotinine level, alcohol use, or white blood cell count. Table 2 suggests a decrease in CVD prevalence risk with each 1 kilobase pair increase in LTL (OR = 0.79, 95% CI: 0.63~0.98, P = 0.033) under a fully adjusted model (model 2). The nonlinear model did not achieve a better fit of the relationships (P = 0.874). The adjusted OR of people in the highest quartile of LTL was 0.70 (95% CI: 0.47~1.05), adjusting for age, sex, ethnicity, education level, BMI, physical activity, daily energy intake, alcohol use, serum cotinine, diabetes, hypertension, cholesterol levels, and white blood cell count and using the lowest quartile for comparison. The crude model (model 1) presented similar results. Furthermore, differences were not identified between LTL and different outcomes (congestive heart failure, coronary heart disease, angina/angina pectoris, heart attack, and stroke) after adjusting for age, sex, ethnicity, education level, BMI, physical activity, daily energy intake, alcohol use, serum cotinine, diabetes, hypertension, cholesterol levels, and white blood cell count (Supplemental Table 1 ).
Interaction analysis under model 2 revealed two interaction effects of LTL with both education levels (P = 0.017) and hypertension (P = 0.007) ( Table 3 ). All results of hypothesis testing on interaction terms are presented. Figure 1 shows the varying log(OR) and 95% CI of LTL with different continuous covariates and subsequently helps to identify the changing trend of log(OR) as well as the beneficial subgroup of covariates. The protective effect of LTL on CVD risk shows different trends (although not statistically significant in terms of the interaction) in absolute value with age, serum cotinine, BMI, daily energy intake, cholesterol levels, and increasing white blood cell count. Moreover, this protective effect of LTL remained almost different (the dashed line did not go through the 95% confidence band) for people under age 62, with log-transformed serum cotinine >−1, BMI <30, or WBC <7. Subgroup analysis of model 2 indicated that LTL had a protective effect on CVD risk in females but not in males (Fig. 2) , and younger age groups (<65) showed a stronger protective effect of LTL on CVD risk. In addition, subgroups with a college degree or above, serum cotinine levels >10 ng/ml, non-hypertension, or normal white blood cell levels (4-10 × 10 9/L ) show a protective effect of LTL on CVD risk. However, there was no difference in other covariates, including BMI, exercise, alcohol consumption, energy intake, diabetes, and cholesterol levels. The results of the crude model (model 1) were similar to those in model 2.
In sensitivity analyses, we conducted logistic regression by adjusting different covariates. The associations between LTL and CVD risk remained almost unchanged (Supplemental Table 2 , Fig 1) .
Discussion
In this study, we found a negative association between LTL and CVD risk in the general population of the United States, and the trend of the overall correlation is linear rather than nonlinear. We also observed that education levels and hypertension status had interactive effects with LTL on CVD risk. Additionally, age under 65 years old, female sex, college degree or higher, higher cotinine level, normotension, and normal white blood cell levels were the suggested trends of association of LTL with CVD risk. These findings suggest that telomere length may be a more useful indicator of CVD risk for specific subpopulations.
There are many studies on telomere length and CVD risk. Most previous studies have indicated that LTL is negatively associated with CVD risk worldwide 10, 24, 25 . For instance, the results of a Danish study with a large sample size suggest that short telomere length is associated with only a modestly increased risk of myocardial infarction and ischaemic heart disease 26, 27 . Our present study in the American population is also consistent with the above study. However, there are reports of negative results, and a study on the Canadian general population showed that LTL and incident coronary heart disease risk are not linearly associated 28 . We speculated that the inconsistent findings may be due to the different covariate corrections, e.g., smoking, alcohol consumption and energy intake. These variables related to CVD 29, 30 were not adjusted, and different genetic backgrounds may increase the risk of CVD 31 . In addition, several animal experiments have also confirmed the relationship of LTL with age-dependent cardiac disease 32 and dilated cardiomyopathy 33 . The results of the present study in the general United States population were consistent with previous conclusions 10, [24] [25] [26] [27] . Furthermore, we also suggested a linear rather than nonlinear association between LTL and CVD risk. Thus, in the CVD field, longer LTL may be better. However, it is worth noting that longer LTL may be a likely risk factor for cancer 34 .
The occurrence and development of CVD may lead to death 35 . Shortening of the telomere length can increase CVD-related death in African-American individuals 36 . Although the same NHANES database was used, we focused on CVD risk; thus, we included people over the age of 20, and the study of the association of telomere length and mortality included subjects who were over 50 years old. Even so, it is suggested that shortening of the telomere length may have many effects and may increase the risk of CVD, leading to death. In addition, some biomarkers related to CVD are also associated with telomere length 37 . Rehkopf et al. found that telomere length was negatively associated with BMI, waist circumference, percentage of body fat, triglycerides, pulse rate, and cystatin C. Additionally, telomere length was positively associated with high-density lipoprotein cholesterol. Among the above biomarkers, for example, we adjusted the BMI variable as a covariate in our data analysis to improve the robustness of our results.
The effects of interactions of all included covariates with LTL on the risk of CVD were assessed, and we found that education levels and hypertension status modify its risk, while others do not. Additionally, the results of the subgroup analysis showed that LTL was associated with CVD risk in subjects with college degrees or above. We suspected that there were many reasons for this phenomenon, combining social and complex factors 38 . At the same time, our study observed that the population with college degrees or higher had lower CVD morbidity (data not shown), which is consistent with previous studies that have reported that lower education levels may contribute to CVD risk factors 39 . It is possible that more educated subjects may benefit from the increased health knowledge and a healthier life style 40, 41 . Regarding hypertension, we found an inverse association between LTL and CVD risk in people without hypertension. Hypertension is a cardiovascular risk factor 42 , and our results also found an increase in the prevalence of CVD in hypertensive people (data not shown), which may affect the association. In addition, the LTL of non-hypertensive patients in the present study was longer than that of hypertensive patients, which was consistent with the results of a previous meta-analysis 43 , possibly due to the shortening of the telomere length of endothelial progenitor cells in hypertensive patients 44 . The presence of high blood pressure may have affected the association, but the specific reason is unknown. We also found that there was a negative association between LTL and CVD risk in the population with higher cotinine (>10 ng/ml) exposure. Cotinine is a biomarker of active and passive smoking; smoking is considered a risk factor for CVD 29, 45 . In addition, smoking can reduce telomere length 46 , which may explain why the association was more pronounced with high cotinine exposure. Furthermore, some studies suggest that inflammation and oxidative stress can reduce LTL and then cause CVD 6 . Smoking increases inflammation and oxidative stress 47, 48 , which may be one of the causes of the above association among subjects with higher cotinine levels.
In our results, an inverse association between LTL and CVD risk was found in the female population. In our study, the LTL of females was approximately the same length as that of males, while other studies have suggested that the LTL of females is longer than that of males 49, 50 . One explanation may be oestrogen 51 . The LTL of postmenopausal women after hormone therapy is longer than that of similarly aged women without hormone therapy 52 , suggesting that oestrogen may increase LTL. In addition, another possible explanation for the sex differences associated with LTL and CVD include social factors related to gender 53 , which may be the sex differences in the LTL-CVD association.
This study has the following advantages. First, for the first time with a large sample size, we found an association between LTL and CVD risk that presented a negative linear correlation in the general population of the United States, which is of value for further biological research. Second, the subgroup analysis identified susceptible populations, and these subjects deserve more attention. Our findings provide not only clues for follow-up research but also a theoretical basis for advice and guidance on relevant prevention and treatment and the formulation of government policies. www.nature.com/scientificreports www.nature.com/scientificreports/ Several limitations exist in the present study. First, this study is a cross-sectional study and cannot demonstrate a causal relationship. Although previous studies have generally assumed telomere length to be the cause 25 , strictly speaking, our study provides only an association. Second, previous studies indicated that genetic factors played a role in the occurrence of CVD 54 , but there was no relevant information in the database, so there was no way to extract and analyse it. Third, the sample size is still small, and our outcome variables were combined, so we could not analyse the effects of LTL and individual cardiovascular diseases. www.nature.com/scientificreports www.nature.com/scientificreports/ 1999-2002. We, in sequence, excluded data from participants with pregnancy status (n = 676), those missing data for LTL detection (n = 12,948), those missing data for CVD outcome (n = 1), and LTL > 20 kilobase pairs (kbp, n = 1). The detailed flow chart is summarized in Fig. 3 . All cycles of the NHANES protocols were approved by the NCHS Research Ethics Review Board 55 , and the data user agreement was online (https://www.cdc.gov/ nchs/data_access/restrictions.htm). All data were retrieved from the website of the National Center for Health Statistics 56 . Written informed consent of all participants was obtained. cVD outcome. The CVD outcomes were assessed by a standard questionnaire survey conducted by the National Center for Health Statistics (NCHS) during a personal interview. The participants were asked to answer whether they had been diagnosed by a doctor with the following diseases: congestive heart failure, coronary heart disease, angina/angina pectoris, heart attack, and/or stroke. The sample numbers and percentages of congestive heart failure, coronary heart disease, angina/angina pectoris, heart attack, and stroke in our data were as follows: 230 (3.1%), 328 (4.5%), 278 (3.8%), 335 (4.5%), and 237 (3.2%), respectively. If one of the answers was yes, we regarded the subject as having a positive outcome. There were 821 subjects with at least one positive outcome, which accounted for 11.1% of our analysed population. telomere length evaluation. The telomere length was calculated as in our previous study 57 . Briefly, DNA was extracted and purified following the Puregene kit protocol (Gentra systems, Inc., Minneapolis, Minnesota, USA), and the quantitative polymerase chain reaction method was applied to measure telomere length. The DNA source used for a reference of the T/S ratio was from the human diploid fibroblast cell line IMR90. The result of telomeric fragment length from Southern blot analysis was used to calculate and convert the T/S ratio (telomere repeats per single-copy gene) to base pairs. Then, according to the formula kbp = (3274 + 2413 * (T/S))/1000 provided by NHANES, telomere length was presented in kilobase pairs (kbp).
Method

covariates. Four types (demographic, anthropometric, lifestyle, and medical comorbidities and biomarkers)
of covariates were applied in the model. The demographic variables include age, sex, ethnicity, and education level. We regarded age as a binary variable of less than 65 years old and greater than or equal to 65 years old. The ethnicity variable was classified as Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, and Other Race. Less Than 9th Grade, 9-11th Grade, High School Grade, Some College or AA degree, and College Graduate or above were the five categories used to classify education level. The anthropometric variable was BMI. BMI is defined as weight (kilogram) divided by the square of height (metre). We divided BMI values (kg/m 2 ) into three categories, less than 25, 25-30 and more than 30. The lifestyle variables were physical activity, daily energy intake, alcohol consumption, and smoking exposure (serum cotinine). The amount of physical activity was obtained through a questionnaire survey, which was divided into three categories: none, moderate, and vigorous. Daily energy intake was divided into less than median and more than median according to calories. According to the quantified value of alcohol intake from the dietary questionnaire, alcohol consumption was classified as non-alcohol consumption and alcohol consumption. Because there are active and second-hand exposures to smoking and the questionnaire can reflect only the situation of active smoking, we use serum cotinine to reflect smoking exposure. Those with values less than the detection limit were classified into the unexposed group, those with serum cotinine levels between the detection limit and 10 ng/ml were in the low exposure group, and those with values above 10 ng/ml were in the high exposure group. The medical comorbidities and biomarkers included diabetes, hypertension, cholesterol levels, and white blood cell count. There were three indicators in the definition of diabetes: a) whether the patient self-reported that a doctor informed him or her of a diagnosis of diabetes; b) HbA1c index ≥ 6.5%; or c) fasting blood glucose ≥ 126 mg/dL. Meeting one of the three indicators www.nature.com/scientificreports www.nature.com/scientificreports/ was defined as diabetes, and not meeting any of the three was defined as non-diabetes. The standard of hypertension was a) use of antihypertensive drugs, or b) a systolic blood pressure greater than or equal to 140 mmHg or a diastolic blood pressure greater than or equal to 90 mmHg. A subject meeting one of the above criteria was considered to have hypertension; otherwise, it was considered to be non-hypertension. Blood cholesterol was measured with an enzymatic method and classified into two categories, less than or equal to 240 mg/dL and more than 240 mg/dL. White blood cells were detected by the Beckman Coulter method and divided into three categories, less than 4 × 10 9 /L, 4-10 × 10 9 /L and more than 10 × 10 9 /L. All of the variables were obtained from questionnaires, laboratory test results, or physical examination results.
Statistical method. All analyses in this study accommodated the complex sampling design and sample weights according to NHANES guidelines. We used multivariate imputation by chained equations (MICE) to impute the missing values (missing rate varying from 0~5.6%) of the covariates mentioned above to maintain statistical power. The number of multiple imputations was set to 5, and each estimator in the subsequent analysis of multiple imputed data would be further combined. The data on characteristics are presented as the mean and standard error (SE). We employed a linear regression model (being equivalent to a t test or ANOVA) to compare the distributions of LTL within subgroups of each characteristic. We then combined the estimators in regression from 5 imputations and obtained an overall estimator for each parameter. Finally, we used the Wald test to obtain the P value for each grouped characteristic. The odds ratio (OR) and 95% confidence interval (CI) showed the association between LTL and risk of CVD by using logistic regression, considering LTL as a continuous variable and as a categorical variable by quartiles. Model 1 was adjusted for age (continuous), sex, ethnicity, education level, and BMI (continuous). Model 2 was based on model 1 and physical activity, daily energy intake (continuous), alcohol use, serum cotinine (continuous, log-transformed), diabetes, hypertension, cholesterol levels (continuous), and white blood cell count (continuous). The sensitivity analysis was used to estimate the robust result by adjusting model 1 plus physical activity, daily energy intake, alcohol use, and serum cotinine. We performed restricted cubic spline regression with 3 knots located at the 10 th , 50 th , and 90 th percentiles of LTL (corresponding to 5.01, 5.66, and 6.55 kbp) to explore the underlying nonlinear association between LTL and CVD risk. Our models considered a product term between LTL and covariates to examine the interaction effects on CVD risk. Furthermore, we estimated the effect of LTL on CVD risk under a specific group of each covariate by subgroup analysis. We performed all analyses with R v3.5.0, and P values less than 0.05 were considered indicative of statistical significance.
